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Abstract 

Insertion  of  lithium  and  sodium  into  phosphate  (Mo02)2P207  was  investigated  electrochemically  to  determine  the  usefulness  as  a  possible 
cathode  for  ion-transfer  secondary  batteries.  Specific  charges  of  up  to  250  mA  h  g  1  were  obtained  for  A/(Mo02)2P207  (A:  Li,  Na)  cells  with 
liquid  organic  electrolytes  in  the  first  reduction  half-cycle  at  room  temperature.  Intercalation  processes  under  constant  current  densities  of 
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0.2  mA  cm  ~  were  reversible  within  the  range  of  composition  0.85  <  v  <  4.0  for  lithium  and  0.5  <  v  <  3.1  for  sodium  in  AY(Mo02)2P207 
(A:  Li,  Na),  respectively.  Structural  changes  induced  by  lithium  or  sodium  intercalation  were  followed  by  ex  situ  X-ray  diffraction 
measurements,  and  the  phase  change  from  the  crystal  to  the  amorphous  was  observed  in  both  cases. 

©  2003  Elsevier  Science  B.Y.  All  rights  reserved. 
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1.  Introduction 

Lithium  transition  metal  dioxides  with  the  general  formula 
LiM02  (M:  V,  Cr,  Fe,  Co,  Ni)  are  seen  to  have  the  structure  of 
a-NaFe02,  which  can  be  regarded  as  a  distorted  rock  salt- 
type  structure.  LiCo02  and  LiNi02  used  as  cathodes  for 
secondary  lithium  ion  batteries  have  assumed  an  industrial 
importance  [1-6].  At  the  same  time,  a  number  of  materials 
have  been  synthesized  and  evaluated  for  use  as  the  cathode- 
active  material  in  lithium  secondary  batteries.  Examples 
of  the  such  materials  include:  spinel-type,  Li2MMn308 
and  LiM/Mn04  (M:  Cr  [7,8],  Fe  [9],  Co  [10],  Ni  [11,12], 
Cu  [13,14];  M':  Cr  [7,8],  Co  [15]);  inverse  spinel-type, 
LiMV04  (M:  Ni,  Co)  [16];  layered-type,  LiMn02  [17-19], 
and  so  on. 

The  vast  majority  of  studies  have  been  directed  toward  the 
promising  lithium  system,  but  recent  results  obtained  on 
NaM02  (M:  Co,  Ni)  [20]  and  oc-NaFe02-Mo03  [21]  prove 
that  sodium  cells  can  function  with  liquid  organic  electrolytes 
at  room  temperature.  However,  improvement  in  energy  den¬ 
sity  and  rate  capability  is  required  before  sodium/liquid 
organic  electrolyte  batteries  can  be  considered  for  practical 
use.  Because  of  the  lower  capacity  density  and  less  negative 
voltage  [versus  standard  hydrogen  electrode  (SHE)]  com¬ 
pared  to  lithium,  energy  densities  are  expected  to  be  lower  for 
cells  utilizing  sodium.  Additionally,  host  materials  commonly 
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used  as  cathodes  tend  to  intercalate  sodium  to  a  lesser  extent 
than  lithium  due  to  the  larger  ionic  radius,  further  reducing 
energy  densities.  Still,  the  comparatively  lower  cost  of  sodium 
[22]  makes  development  of  sodium/liquid  organic  electrolyte 
systems  a  compelling  goal  (Table  1). 

Clearly,  the  challenge  is  to  find  a  cathode  material  that  can 
intercalate  sodium  to  a  large  extent  and  thus  allow  a  high 
theoretical  energy  density  in  sodium  batteries.  Recently, 
polyanionic  compounds  that  exhibit  framework  structures 
built  up  from  both  (MO;i)  polyhedra  and  (X04)m_  tetrahedra 
polyanions  (M:  transition  metal;  X:  S  [23,24],  P  [24]) 
instead  of  only  (MO„)  polyhedra  in  transition  oxides,  have 
attracted  considerable  attention.  The  main  reason  is  that 
lithium  and  sodium  ions  can  both  be  inserted  into  a  series  of 
compounds  having  a  general  formula  of  A;1M2(X04)3  (A:  Li 
and  Na;  M:  Ti  [25],  Fe  [26];  X:  P  [25],  S  [26]),  because 
they  have  a  large  lithium  or  sodium  site  based  on  the  3D 
framework.  In  addition,  their  operating  voltage  can  be  tuned 
by  the  crystal  structure  as  well  as  by  the  choice  of  the 
counter-cation,  X.  It  has  been  shown  in  previous  works  on 
LixFe2(X04)3  (X:  Mo,  W,  S,  P)  [27,28]  compounds  that  the 
Fe3+/Fe2+  redox  couple  lies  at  3.0,  3.0,  3.6,  and  2.8  V  versus 
Li/Li+,  and  from  the  viewpoint  of  crystal  structure,  the  Fe3+/ 
Fe  redox  couple  versus  Li/Li  in  four  iron  phosphates, 
NASICON-type  Li3Fe2(P04)3  [27],  the  pyrophosphates 
LiFeP207  [27]  and  Fe4(P207)3  [27],  and  olivine-type 
LiFeP04  [27],  lies  at  2.8,  2.9,  3.1,  and  3.5  V,  respectively. 
Although  some  of  these  phosphates,  such  as  NASICON-type 
NaTi2(P04)3  and  Fe2(S04)3,  are  interesting  as  candidates  for 
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Table  1 

Characteristics  of  anode  materials 


Characteristic 

Sodium 

Lithium 

Cost  equivalent  of  dollars  for  bulk  metal 

0.075 

0.50 

Capacity  density  (A  h  g_1) 

1.06 

3.86 

V  vs.  SHE 

-2.71 

-3.05 

Ionic  radius  (A) 

0.98 

0.68 

the  high-voltage  cathode  material  for  sodium  batteries,  the 
gravimetric  energy  densities  of  those  materials  with  liquid 
organic  electrolytes  at  room  temperature  remain  at  280  and 
250  W  h  kg-1,  respectively. 

In  the  present  study,  we  synthesized  (Mo02)2P207  phos¬ 
phate,  and  investigated  the  detailed  crystal  structure  by  the 
Rietveld  method.  Moreover,  we  paid  attention  not  only  to  its 
open  structure  and  flexibility  but  also  to  the  possibility  of 
reducing  Mo  by  eventual  intercalation  of  alkali  metals, 
and  its  potential  for  use  as  the  new  cathode  material  for 
lithium  and  sodium  batteries  was  discussed. 

2.  Experimental 

The  (Mo02)2P 207  powder  sample  was  prepared  by  con¬ 
ventional  solid  reaction  methods.  Starting  materials  were  a- 
NaFe02-Mo03  (99.0%  Wako)  and  P205  (98.0%  Wako). 
These  reagents  were  mixed  in  stoichiometric  ratio  then  the 
mixture  was  heated  at  500-700  °C  for  6-24  h  in  air.  The 
obtained  powder  sample  was  identified  by  powder  X-ray 
diffractometer  (Rigaku  RINT2100HLR/PC)  with  Cu  Ka- 
NaFe02  radiation.  The  structures  were  determined  by  Riet¬ 
veld  analysis  using  the  computer  program  RIETAN97-(3 
[29].  Mo  K-edge  XAFS  spectra  were  measured  by  transmis¬ 
sion  mode  using  a  laboratory-type  XAFS  facility,  R-XAS 
Looper  (Rigaku  Corporation).  An  X-ray  generator  with  a 


Mo  rotating  anode  and  a  LaB6  cathode  was  operated  at  a 
voltage  of  36  kV  and  a  current  of  30  mA.  The  incident  X-ray 
beam  was  monochromatized  using  Ge  (840)  crystal.  The 
samples  for  the  electrochemical  measurement  were  prepared 
by  mixing  crystalline  (Mo02)2P207,  acetylene  black  as  the 
conductive  agent  and  PTFE  Teflon  binder  (70,  25,  and 
5  wt.%,  respectively)  in  an  agate  mortar,  and  were  made 
in  sheet  form  (1  mm  thick).  The  sheet  was  then  cut  into  a 
disk  (15  mm  diameter).  Cells  were  fabricated  by  coupling 
this  disk  with  lithium  or  sodium  foil  with  the  same  area  as 
counter-electrode  using  microporous  polypropylene  film 
(Celgard  3501)  as  the  separator.  LiPF6  solution  (1  M)  in 
ethylene  carbonate  (EC)/ 1,2  dimethoxycarbonate  (DMC) 
(volume  ratio  =  1:1)  for  lithium  cells,  and  1  M  NaC104 
solution  in  propylene  carbonate  (PC)  for  sodium  cells  were 
used  as  the  electrolytes,  respectively.  The  electrochemical 
measurements  were  carried  out  galvanostatically  at  various 
current  densities  at  room  temperature.  In  the  quasi-open 
circuit  voltage  measurements,  a  current  density  of 
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0.2  mA  cm  was  used;  the  current  density  was  applied 
for  75  min,  and  the  system  was  relaxed  for  another 
75  min  before  the  data  was  read.  To  avoid  humidity,  the 
cathode  pellets  lithiated  at  various  depths  were  covered  with 
polyethylene  film.  They  were  then  subjected  to  ex  situ  XRD 
measurements  in  order  to  observe  the  crystal  structure 
change  on  the  first  cycle.  Correction  of  the  line  positions 
was  carried  out  using  silicon  powder  (NIST  640c)  as  the 
internal  standard. 

3.  Results  and  discussion 

3.1.  Synthesis  and  structure 

Indexing  of  the  powder  X-ray  pattern  of  (Mo02)2P207 
synthesized  at  700  °C  for  24  h  revealed  that  the  sample  had  a 


Fig.  1.  Observed,  calculated,  and  difference  plots  for  X-ray  diffraction  patterns  of  (Mo02)2P207.  The  solid  line  is  calculated  intensity,  dots  overlying  them 
are  observed  intensity,  and  Ay*  is  the  difference  between  observed  and  calculated  intensity. 
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single  phase  with  an  orthorhombic  lattice.  However,  the 
relative  intensities  of  the  X-ray  patterns  were  different  from 
that  in  the  ICDD  file  (no.  15-0610).  Thus,  we  attempted  to 
refine  the  structure  of  (Mo02)2P207  by  the  Rietveld  method 
on  the  space  group  Pnma  (no.  62),  using  a  structural  model 
reported  by  Kierkegaard  [30].  At  first,  we  assumed  no 
correction  for  the  preferred  orientation,  but  a  difference 
between  the  observed  and  the  calculated  pattern  was 
observed  in  the  (10  1)  direction.  Therefore,  correction  for 
the  (10  1)  direction  was  made.  The  site  occupation  para¬ 
meter  of  g  and  the  overall  thermal  parameters  B  for  all  sites 
were  constrained  to  be  the  same  value.  We  assume  that  the 
cause  of  the  difference  between  the  observed  data  and 
the  ICDD  file  was  mainly  attributable  to  the  preferred 
orientation.  The  fitting  results  are  illustrated  in  Fig.  1. 
The  schematic  diagram  of  the  crystal  structure  obtained 
by  Rietveld  refinement  is  shown  in  Fig.  2.  The  possible 
cavities  for  lithium  or  sodium  insertion  are  indicated  as  (*). 
The  lattice  parameters  were  indexed  by  an  orthorhombic 
cell  with  dimensions  a  =  12.580(4),  b  =  6.302(18),  and 
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c  =  10.366(2)  A.  In  comparison  with  reported  values  for 
(Mo02)2P 207  [30],  a  =  12.58,  b  =  6.338,  and  c  =  10.38  A, 
slight  decreases  of  b  and  c  axis  parameters  were  observed. 
Table  2  lists  the  final  R  factors,  structural  parameters  and 
their  estimated  standard  deviations.  Fig.  3  shows  the 
XANES  spectra  corresponding  to  the  Mo  K-edge  for 
(Mo02)2P207  witha-NaFe02-Mo03  as  the  standard  Mo(VI) 
compound.  No  significant  difference  was  observed  among 
them,  which  indicates  that  the  valence  states  of  Mo  are  also 
6+  in  (Mo02)2P207. 


- >  C 

Fig.  2.  The  structure  of  (Mo02)2P207.  The  possible  cavities  for  lithium  or 
sodium  insertion  are  indicated  as  (*). 


Table  2 

X-ray  Rietveld  refinement  results  for  monoclinic  (Mo02)2P207a 


Atom 

Site 

X 

y 

z 

B  (A2) 

Mo(l) 

4c 

0.996(2) 

0.25 

0.224(2) 

0.4 

Mo(2) 

4c 

0.252(2) 

0.25 

0.014(2) 

Mo(l) 

P(l) 

4c 

0.659(7) 

0.25 

0.994(8) 

Mo(l) 

P(2) 

4c 

0.971(7) 

0.25 

0.694(7) 

Mo(l) 

0(1) 

M 

0.271(9) 

0.572(19) 

0.019(10) 

Mo(l) 

0(2) 

M 

0.016(12) 

0.566(18) 

0.222(9) 

Mo(l) 

0(3) 

4c 

0.910(13) 

0.25 

0.580(15) 

Mo(l) 

0(4) 

4c 

0.580(13) 

0.25 

0.102(16) 

Mo(l) 

0(5) 

4c 

0.099(14) 

0.25 

0.631(16) 

Mo(l) 

0(6) 

4c 

0.165(12) 

0.25 

0.147(15) 

Mo(l) 

0(7) 

4c 

0.377(12) 

0.25 

0.188(15) 

Mo(l) 

0(8) 

4c 

0.179(13) 

0.25 

0.884(15) 

Mo(l) 

0(9) 

4c 

0.459(13) 

0.25 

0.425(16) 

Mo(l) 

a  Space  group 

:  Pnma;  a  — 

:  12.580(4),  b 

=  6.302(18), 

and  c  = 

10.366(2)  A;  Rwp  = 

16.77%;  Re  = 

12.17%;  R\  =  6.07%;  and  S  = 

1.378(3). 

3.2.  Lithium  and  sodium  insertion  behavior 

Fig.  4  shows  the  quasi-open  circuit  voltage  curves  for  A/ 
(Mo02)2P207  (A:  Li,  Na)  and  Li/oc-NaFe02-Mo03  cells  as  a 
function  of  lithium  or  sodium  content,  x  (upper)  and  capacity 

_ o 

(lower),  with  a  current  density  of  0.2  mA  cm  at  room 
temperature.  (Mo02)2P207  was  able  to  accommodate  the 
lithium  and  sodium  ion,  and  the  quasi-open  circuit  voltage  at 
early  region  (0  <  x  <  2.5)  for  Li/(Mo02)2P207  cell  was 
higher  than  that  of  the  transition  metal  oxide  a-NaFe02- 
Mo03.  Similar  cell  voltage  enhancement  via  the  inductive 
effect  of  hetero  atoms  was  observed  in  V  and  Ti  pyropho¬ 
sphate  cathodes  as  well  as  in  NASICON  and  olivine-type 
cathodes.  For  example,  the  M4+/M3+  (M:  V,  Ti)  redox 
potentials  versus  Li/Li+  in  the  pyrophosphates  LiVP207 
[31,32]  and  TiP207  [32]  lies  at  4.1  V  and  2.6  V,  respectively, 
and  were  higher  than  those  of  the  transition  metal  oxides, 
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Fig.  4.  Discharging  curves  of  A  (A:  (a)  Li,  (b)  Na)/electrolyte/ 
(Mo02)2P 2O7  and  a-NaFe02-Mo03  cells  with  galvanostatic  intermittently 
run  under  the  following  experimental  condition:  0.2  mA  cm-2  current 
density  was  applied  for  75  min  and  the  system  was  allowed  to  relax  for 
75  min  at  room  temperature. 


Fig.  5.  XRD  patterns  of  the  electrode  at  various  discharge  and  charged 
states  as  a  function  of  lithium  or  sodium  content;  x  for  Av(Mo02)2P207 
(A:  Li,  Na). 


V02  and  rutile  Ti02,  which  lies  at  2.5  [33]  and  1.4  V, 
respectively  [34].  The  similar  quasi-open  circuit  voltage 
curve  of  Li/(Mo02)2P207  and  Na/(Mo02)2P207  cells, 
shown  in  Fig.  4,  suggests  that  lithium  and  sodium  ions 
insert  into  the  same  site  in  the  (Mo02)2P207  matrix.  The 
discharge  capacities  of  (Mo02)2P207  cathodes  during  the 
first  cycle  at  room  temperature  were  about  250  mA  h  g_1  at 
2. 0-3. 7  V  versus  Li/Li+,  and  at  1.2-3. 5  V  versus  Na/Na+, 
respectively.  In  terms  of  the  discharge  capacity  for  the  first 
cycle,  the  Li/(Mo02)2P207  cell  showed  a  fairly  good  per¬ 
formance,  which  was  better  than  those  of  the  pyropho¬ 
sphates  that  contained  Fe,  V,  and  Ti.  For  example,  the 
reported  discharge  capacity  of  both  Li/LiMP207  (M:  Fe, 
V)  cells  was  60  mA  h  g  1  [27,32],  and  that  of  the  Li/TiP207 
cell  was  90  mA  h  g  1  [32].  Fig.  5  shows  the  X-ray  diffrac¬ 
tion  patterns  of  the  positive  electrode  at  various  discharge 
and  charged  states  as  a  function  of  lithium  or  sodium 
content;  x  for  Ax(Mo02)2P207  (A:  Li,  Na).  The  insertion 


of  lithium  or  sodium  decreased  the  initial  peaks,  and  addi¬ 
tional  peaks  appeared.  The  new  phase  could  not  be  identified 
because  of  its  weak  intensity  and  high  background,  corre¬ 
sponding  to  amorphization.  The  irreversible  change  from  the 
crystal  to  the  amorphous  phase  induced  by  lithium  insertion 
has  been  reported  previously  in  molybdenum-based  oxide 
MnMo04  [35].  Fig.  6  shows  the  discharge  and  charge  curves 
for  A/(Mo02)2P207  (A:  Li,  Na)  cells  with  a  current  density 

_ o 

of  0.2  mA  cm  at  room  temperature  in  the  voltage  range  of 
1.9-4. 2  V  versus  Li/Li+,  and  of  1.2-3. 8  V  versus  Na/Na+, 
respectively.  The  lithium  insertion  into  (Mo02)2P207 
proceeded  to  x  =  4.0  (Li4  0(MoO2)2P2O7),  which  corre¬ 
sponded  to  250  mA  h  g_1.  On  the  other  hand,  the  sodium 
insertion  into  (Mo02)2P207  was  limited  to  x  =  3.1 
(Na3  i(Mo02)2P207),  which  corresponded  to  190  mA  h  g_1. 
Fig.  7  shows  the  discharge  curves  for  A/(Mo02)2P207  (A: 
Li,  Na)  cells  at  various  current  densities  at  room  tempera¬ 
ture.  The  specific  capacity  of  sodium  insertion  becomes 
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Fig.  6.  Discharge  and  charge  curves  of  A  (A:  (a)  Li,  (b)  Na)/electrolyte/ 
(Mo02)2P207  cells  at  a  constant  current  density  of  0.2  mA  cm-2  at  room 
temperature. 
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Fig.  7.  Discharge  curves  of  A  (A:  (a)  Li,  (b)  Na)/electrolyte/(Mo02)2P207 
cells  at  various  current  densities  at  room  temperature. 


small  at  the  higher  current  density  in  comparison  with 
that  of  lithium  insertion.  The  poorer  rate  capability  of 
Na/(Mo02)2P207  must  be  caused  by  the  lower  mobility 
of  the  comparatively  larger  sodium  ion  in  the  host  lattice. 

4.  Conclusion 

A  study  of  the  electrochemical  lithium  and  sodium  inser¬ 
tion  in  (Mo02)2P 207  with  liquid  organic  electrolytes  at  room 
temperature  was  carried  out.  It  revealed  that  the  quasi-open 
circuit  voltage  in  (Mo02)2P207  (versus  Li/Li+)  was  higher 
than  that  of  the  transition  metal  oxide  oc-NaFe02-Mo03.  In 
terms  of  the  discharge  capacity  for  the  first  cycle  and  the 
observed  capacity  loss,  the  Li/(Mo02)2P207  cell  showed 
better  performance  than  those  of  other  pyrophosphate  cath¬ 
odes  with  transition  metals  Fe,  V,  or  Ti.  However,  the 
discharge  voltage  of  the  Na/(Mo02)2P207  cell  was  slightly 
lower  than  that  of  the  Li/(Mo02)2P207  cell,  (Mo02)2P207 
was  able  to  accommodate  the  sodium  ion,  which  is  larger 
than  the  lithium  ion. 
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